A device for sampling at depths of up to 6,000 m is described in which 3 liters of seawater is concentrated over a Nucleopore filter to about 13 ml and retrieved under in situ pressure and temperature. Subsamples can be withdrawn into transfer units that are equipped with individual gas accumulators for preventing loss of pressure during prolonged periods of storage. Transfer of samples or sample portions into sterile medium contained in pre-pressurized incubation vessels and continued subsampling therefrom permit time course experiments for the study of natural populations of deep-sea microorganisms in the absence of decompression. A test experiment with a water sample from a depth of 2,600 m supplemented with radioactively labeled Casamino Acids showed reduced rates of substrate incorporation and respiration as compared with data from a decompressed control. The barotolerance observed in this study was characterized by reduced, rather than equal, activities recorded at elevated pressures as compared with 1-atm controls.
The need for studying deep-sea microorganisms in the absence of decompression has been discussed with emphasis on the possible pressure sensitivity of potentially pressure-adapted organisms by ZoBell (5) and Jannasch et al. (3) . In the latter publication, we reported on data obtained by using two pressure-retaining samplers for the retrieval of water from depths of up to 6,000 m and subsequently as incubation vessels. The capability to add soluble substrates and to withdraw subsamples from the 1-liter culture chamber permitted direct experimental studies on undecompressed microbial populations from the deep sea.
A limitation of this approach has been the fact that each sampler/incubation vessel could be used for only one sample per cruise. Apart from the slow accumulation of data to a level of statistical significance, possible operational failures confer a high risk with respect to invested cruise time. This situation would be vastly improved if undecompressed samples could be taken in larger numbers and from different areas, stored, and transferred to the incubation vessels later. Such an approach would keep the original sampler/incubation vessels available for continuous laboratory use. It would be necessary, however, to work with smaller sample volumes, making sample concentration desirable. This, in turn, would render it possible to study aliquots of identical ' These definite advantages led us to construct the pressure-retaining filter sampler and storage/transfer units described in this paper. After the appropriate laboratory and pressure tests, samplings at sea and transfers to the incubation vessels have been successful, and data are reported below. Four storage/transfer units have been constructed at a cost considerably below that of one sampler/incubation vessel.
MATERIALS AND METHODS
Filter sampler. The filter sampler ( Fig. lb and 2 ) is lowered on the hydrowire and triggered (arrows in Fig. lb) at two pivoted mechanisms (S) simultaneously by one messenger at the desired depth: first, opening a lid (A), which covers the sterilized channel for sample intake (a small amount of seawater entering the intake channel during descent due to compression is kept from contaminating the sample by a membrane filter inserted in the face of the lid) and, second, operating a toggle valve (F) to start the flow of seawater into the sampler.
A slow rate of filling is set by the snubbing device (J) located below the membrane, which prevents shear forces from being exerted on the sample as it passes through the 0.2 ,m-pore-size Nucleopore filter (I). It has been calculated that 45 min is required for complete filling of the sampler at a depth of 6,000 m. During filling, the free-floating piston (K), ini- Calculations of some technical characteristics of the filter sampler are the subject of a detailed engineering study by K. W. Doherty (unpublished data). According to his figures, retrieval of the 3-liter filter sampler from a depth of 6,000 m in the absence of a gas accumulator will result in a pressure drop of 24 atm due to expansion ofthe steel housing. Under the same conditions, a 1-ml leak will result in a 5.6-atm pressure loss. This value increases to a 17-atm loss if the sample is only 1 liter, as in the cultivation vessels. In other words, the smaller the volume of the sample, the more important is the need for a gas accumulator.
The check valve (B) retains the internal pressure of the sampler during ascent. Upon retrieval, the hand valve (C) is closed. The intake nozzle, as well as the check valve, are then removed before attachment of the storage/transfer unit. The pressure retained in the sampler, and thereby the actual depth of sampling, is measured by attaching a pressure gauge. If the sampler is brought to a cold room (ca. 3°C) immediately after retrieval, no substantial temperature change in the 13-ml sample above the filter will occur. Simple foam insulation is possible, but has not been found to be necessary. The filter sampler can be used to a depth of 6,000 m (600 atm), while a fourfold margin of safety is maintained.
A magnetic stirrer placed on top of the sampler will turn a stirring bar (H) contained in the sample chamber over the filter. Attached to the bar is a membrane-type scraper that gently removes attached bacteria from the filter surface. This procedure was shown to increase the relative number of viable suspended bacteria (plated at 1 atm) by a factor of approximately 3 compared with procedures that use a stirring bar without a scraper.
After sample aliquots have been removed from the filter chamber, buffered glutaraldehyde is injected into the chamber by using a transfer unit for fixation of the remaining cells on the membrane in the undecompressed state for scanning electron microscopy. (The results will be published separately.) The top section of the sampler is then washed and sterilized again by autoclaving and readied for the next deployment by precharging the lower section with nitrogen gas from a scuba tank.
Storage/transfer units. The transfer units ( Fig.   la) are, in principle, similar to those used for the removal of samples from the original sampler/incubation vessels (2, 3). Since, however, they are also intended to be used for prolonged storage of subsamples, individual gas accumulators (N) are attached to the transfer chamber (R, maximally 13 ml). The different surface areas of the floating pistons in the gas accumulators result in a hydraulic differential of a factor of 6 between the pressure measured by the gauge (M) and that in the transfer chamber (R).
After flame and alcohol sterilization of the sampler surface and filling of the connecting channels with sterile seawater, the autoclaved transfer unit is attached by eight bolts to the top of the filter sampler (Fig. 2) . The piston ( Fig. 1, P) has been moved to one end of the transfer chamber, which is Q) are opened, and the inside pressure of the filter sampler is transmitted to the transfer chamber. When the piston is moved by the crank (0), the whole 13-ml portion, or any fraction of it, is removed from the filter chamber while sterile seawater is flushed in through the opposite channel with an unavoidable, but slight, mixing. The connecting valves are then closed, and the transfer unit detached and stored at 3°C. Tests at 1 atm with a pure culture of a known organism have shown an average removal of 65% of the cells during transfer.
A number of transfer units containing samples from different locations or depths, or aliquots of the same sample, are kept in cold storage and brought to the laboratory for inoculation into the pre-pressurized incubation vessels described in detail by Jannasch et al. (2) . The top plates of the incubation vessels are designed similarly to that of the filter sampler, and the inoculation procedure is essentially the same as that of sample removal, but in reverse. By this procedure, the organisms contained in 3 liters of seawater are initially concentrated to a volume of 13 69°41 'W. The sample in the transfer unit was held in storage at 3.0°C for 45 days before transfer into the incubation vessel. The latter contained 1 liter of sterilized seawater with 5.0 mg of Casamino Acids supplemented with uniformly 14C-labeled amino acids and was pressurized to the in situ pressure of 260 atm. The decompressed seawater for the control experiment was taken from a sample obtained at the same depth (2,600 m) and time with a sterile Niskin sampler. After storage for 45 days at 1 atm and 30C, this control sample was inoculated with labeled substrate and incubated in a stoppered 1-liter Erlenmeyer flask. When samples were removed, an equal volume of sterile seawater was introduced to simulate the sampling procedure done with the pressurized culture vessel. Both the decompressed and the undecompressed samples were incubated with stirring at the in situ temperature of 3.00C.
Analyses. A mixture of uniformly 14C-labeled amino acids (I.C.N. Corp., specific activity 1.1 mCi/ mg) was added to unlabeled Casamino Acids carrier solution. The final concentration in the cultures was 5.0 ,ug of Casamino Acids per ml, with an activity of about 0.005 1±Ci/ml of labeled amino acids. A 10-ml portion of each subsample, taken after various intervals of incubation, from the decompressed and undecompressed samples, was filtered through a 0.22-,um-pore-size membrane filter and washed with 2 volumes of chilled seawater to determine the amount of substrate incorporated in cell material and pools. Duplicate 0.3-ml portions of the subsamples were used for measuring 14CO2 production (respiration) after the procedure of Wirsen and Jannasch (4). The term "total substrate utilization" refers to the sum of incorporated and respired labeled material, since remaining substrate and labeled dissolved intermediates were not measured. The radioactivity was counted using a scintillation spectrometer (Intertechnique SL-20). Quenching was corrected for by the channels ratio method.
RESULTS
The data given in Fig. 3 demonstrate an increased metabolic activity of the natural microbial population in the decompressed deep-water sample. In the undecompressed sample incubated at the in situ pressure of 260 atm, the total substrate utilization was less than half of that of the 1-atm control. Special tests on the effects of sample concentration and storage are underway.
If separated into incorporation and respiration of Casamino Acids carbon, the values were 9 and 19%, respectively, of the total substrate utilized in the undecompressed sample, as compared with 21 and 47%, respectively, in the decompressed control after 8 days. After 2 weeks of incubation of the undecompressed sample, incorporation, as well as respiration, data reached a plateau, indicating no further significant activity during an additional 3 weeks of measurements. When the pressure was released and the temperature raised to 220C, at the end of the 5-week incubation period, the activity resumed after a brief lag.
DISCUSSION
The results confirm earlier data obtained by using the incubation vessels as samplers as originally intended (3). The approach described in this paper has been demonstrated to be practical and to offer substantial advantages in terms of economy and time-effort efficiency in the procurement of data.
Populations metabolizing at equal or reduced rates in the presence of elevated hydrostatic pressures as compared with 1-atm controls are defined here as barotolerant. The type of barotolerance observed in this as well as in our earlier studies (1, 3) was invariably characterized by reduced activities. It must be noted, however, that these rates of substrate conversion at in situ pressure are still significant as compared with the amounts of organic substrates that normally reach these depths.
A barophilic response, i.e., an increased activity at elevated pressure as compared with 1 atm, has not been found. This does not exclude the possible existence of barophilic bacterial species, since their relatively high metabolic activity at in situ pressure may be masked by that of a predominant population of nonbarophilic organisms. In principle, the same holds for the detection of decompression-sensitive organisms in natural populations.
To identify and to study these traits of microbial metabolism at high hydrostatic pressure, a pure-culture approach is indispensable. One of VOL. 33, 1977 on July 5, 2017 by guest http://aem.asm.org/ Downloaded from the purposes of the filter sampler system described in this paper is to provide concentrated and undecompressed cell suspensions for streaking on solidified media. Preliminary studies in this direction (C. D. Taylor and H. W. Jannasch, Abstr. Annu. Meet. Am. Soc. Microbiol. 1976 N42, p. 177) have shown that growth is not affected in a helium-oxygen atmosphere at 400 atm as compared with a hydrostatic pressure control, indicating that a streaking procedure is possible.
